Abstract-We present a method for attenuating the spurious responses in aluminum nitride micromechanical filters and demonstrate the technique in a 4-pole self-coupled filter operating at 494 MHz. In the standard implementation of a 4-pole self-coupled filter, each filter pole is realized using physically identical resonators. The spur mitigation approach reported here realizes the four poles of the filter using two different physical implementations of the resonator. Both resonators are designed to have identical responses at the desired resonant frequency of 494 MHz, while many of the spurious responses of the two resonators appear at nonidentical frequencies and do not add constructively at the filter output. Using the reported method, the measured attenuation of the largest filter spur is increased by 47.5 dB when compared with a 4-pole filter realized using identical resonators (standard approach) to form each filter pole. The filter realized using the reported spur attenuation approach has >59.6 dBc of stopband and spurious response rejection over nearly a 2-GHz frequency span.
I. INTRODUCTION

M
ICRORESONATORS are miniature acoustic resonators fabricated using integrated circuit (IC) microfabrication techniques. Aluminum nitride (AlN) microresonators are a promising technology for next generation multi-band radios because the CAD-definable resonant frequency allows many filters and frequency references spanning a wide frequency range (32 kHz-10 GHz) to be fabricated in a small size on a single IC chip [1] . In addition, microresonator filters can be monolithically integrated with active electronics [1] , [2] such as switches and amplifier circuits. These properties allow for the realization of miniature, programmable center frequency filters spanning the high frequency (HF) to X-band range commonly used for communications. Microresonators are also a promising technology for realizing custom filters with low production volumes. Because a wide range of frequencies can The authors are with MEMS Technologies, Sandia National Laboratories, Albuquerque, NM 87185 USA (e-mail: rholsso@sandia.gov; jhnguye@sandia.gov; tpluym@sandia.gov; vmhieta@sandia.gov).
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Digital Object Identifier 10.1109/JMEMS.2014.2308544 be realized on a single wafer, many different filter designs can be fabricated simultaneously, sharing production costs for low volume applications. One particularly promising application of AlN microresonator technology is as intermediate frequency (IF) filters in super heterodyne wireless communication architectures. By frequency mixing of the received signal to a fixed intermediate frequency, the super heterodyne architecture offers superior sensitivity, frequency stability, image rejection and selectivity over the low IF architecture [3] . Super heterodyne radios are commonly used in military communications, cellular phone base stations and other RF systems requiring high performance.
Intermediate frequency filters are often required to have a narrow bandwidth as a percentage of the filter center frequency (%BW). In a super heterodyne radio the IF filter bandwidth must be wide enough to accommodate both the signal or channel bandwidth and the thermal drift of the filter center frequency with temperature (TCF). A large filter TCF results in excessively wide bandwidth filters that degrade the minimum detectable signal and increase the required channel spacing, thereby reducing the efficiency of spectrum utilization. For this reason materials or compensated resonators with low TCF are often used for narrow %BW IF filtering. Some of these resonator types are summarized in Table I . While point solution filters at a specific frequency can be realized in temperature compensated LiNbO 3 [4] and LiTaO 3 [5] surface acoustic wave (SAW) resonators, the thickness of the temperature compensation layer strongly depends on the acoustic wavelength and thus the filter center frequency. Similarly, realizing multiple temperature compensated bulk acoustic wave resonators [6] at different frequencies on a single wafer requires separate thicknesses of both the piezoelectric and temperature compensation layers for each frequency. Of the technologies in Table I , only ST-cut quartz SAW resonators [7] and AlN microresonators [8] , [9] can realize low TCF filters operating over a relatively wide frequency range on a single substrate. This is important for sharing production costs across multiple filters in low volume applications and in adaptive radios where multiple and adaptive IF frequencies are utilized.
In this work a silicon dioxide layer is utilized to thermally compensate the AlN microresonator filters using the technique reported in [8] and [9] . The dispersive properties of AlN microresonators limits the range of frequencies that can be thermally compensated using a single silicon dioxide thickness [9] . For example, for the filters reported in this work with percent bandwidths of ∼0.2%, if we allow 20% of the filter 3 dB bandwidth to be utilized to accommodate TABLE I  COMPARISON OF SOME RESONATOR TYPES AVAILABLE FOR REALIZING ACOUSTIC FILTERS WITH HIGH THERMAL STABILITY thermally induced temperature drift, then a TCF of less than ±5.7 ppm/°C is required for a filter operating over the commercial temperature range from 0 to 70°C. From [9] , this would allow temperature compensation of filters varying in center frequency by nearly an octave using a single temperature compensation layer. This range can be further extended by utilizing the high negative TCF of the Al top electrode in the reported fabrication process. By varying the top electrode coverage, the resonator TCF can be shifted by approximately 4 ppm/°C with minimal impact on the resonator coupling coefficient.
The coupling coefficient, k 2 t , of the temperature compensated AlN microresonators reported in this work are 7 times higher than ST-cut quartz SAW resonators [7] , expanding the range of achievable filter % bandwidths, which are known to be limited by the resonator coupling coefficient [10] , that can be realized in IF filters requiring high levels of thermal stability. In addition, because of the contour mode (d 31 based) transduction, AlN microresonators can be matched directly to RF impedances such as 50 in a much smaller area than narrow bandwidth SAW and BAW filters at common IF frequencies well below 1 GHz [11] . This reduces size and eliminates the need for large off-chip inductor and capacitor matching components.
While AlN microresonators are promising for IF filtering applications, the large number of symmetric and antisymmetric Lamb modes [12] that can be efficiently transduced in AlN microresonators results in filters with numerous undesired spurious responses [13] - [15] . We present a method for attenuating the spurious responses in aluminum nitride micromechanical filters by realizing the filter from a cascade of resonators with different physical geometries. The different physical resonator implementations are designed to give identical responses at the desired filter center frequency; whereas the spurious responses often appear at non-identical frequencies and are thus attenuated at the filter output. We demonstrate significant improvement in the attenuation of spurious responses in a 4-pole, self-coupled [14] , [16] 
A. Standard Filter Design and Implementation
An electrical equivalent circuit model for both filters reported in this work is shown in Fig. 1 . The 4-pole filter is formed using the self-coupled filter architecture described in detail in [14] and [16] . By coupling the resonators together using the shunt capacitances, C S , intrinsic to the resonators, the bandwidth for this architecture was found in [14] to be ∼0.3 k 2 t . Narrower bandwidths can be realized by adding capacitance in parallel with C S [16] , [17] , while wider bandwidths are achievable by adding inductance in parallel with C S [17] . The isolation of each resonator is limited by the shunt capacitors and the ground return resistance, R G N D , in Fig. 1 . The self-coupled architecture was chosen here to ensure large out-of-band rejection and the number of poles, 4, was chosen to ensure both large out-of-band rejection and steep filter skirts. A direct 50 termination was desired for the filter to avoid large off-chip matching components. A secondary goal of this work was to maximize the filter bandwidth while using the self-coupled filter architecture.
Prior to the design of the filters, a single, 4-electrode, temperature compensated AlN microresonator, such as that shown in Fig. 2 , was measured to have a k 2 t of 1%, a quality factor, Q, of 2100, a low TCF and the equivalent circuit parameters in the 2 nd row of Table II . This resonator was also found to have no spurs in close proximity to the desired resonance at 494 MHz and was thus a good resonator device for implementing the higher order, self-coupled filter design.
Agilent Genesys RF and microwave design software was used to simulate the filters. A maximum 3 dB bandwidth of 1.2 MHz was found at a center frequency of 494 MHz using the previously measured k 2 t and Q values for the single 4-electrode resonator. In order to achieve the desired 50 filter termination without the use of off-chip matching com- ponents, the values in the 4 th row of Table II were found using the RF simulator. In particular, a desired motional impedance of 6.6
was found for each microresonator in Fig. 1 , while the motional impedance of a single, 4-electrode microresonator was measured to be 112.2 . To realize a 6.6 microresonator, the total shunt capacitance, and thus device area, of the previously measured 4-electrode microresonator must be increased by a factor of 17. This is because scaling of the motional impedance is directly linked to the shunt capacitance through the resonator k 2 t and Q [10] . Reducing the resonator motional impedance can be accomplished in several ways including increasing the length or aperture of the electrodes, increasing the number of electrodes or connecting resonators in parallel. Since increasing either the aperture or the number of electrodes is known by our research group to alter the Q, stop band rejection and most importantly the spurious responses of the resonator, we chose to array resonators in parallel to achieve the lower impedance required to obtain a direct 50 match for the filter. This allowed the filter to be realized from a resonator with known electrical properties.
When realizing an equivalent resonator with lower motional impedance by arraying higher impedance sub-resonators in parallel, it is important that the resonant frequencies of the sub-resonators match. If the frequency matching of the sub resonators is poor, an equivalent resonator with multiple resonant peaks will be observed. In the self-coupled filters reported in this work, it is critical for filter performance that both the resonators arrayed in parallel to form a low impedance equivalent resonator, and the equivalent resonators that form each filter pole, have a high degree of frequency matching. Mismatch in the resonant frequencies of the devices will lead to poor filter performance.
Shown in Fig. 3 is the measured response of 15, 4-elecrode finger, AlN microresonators connected in parallel to form an equivalent resonator with 15 times lower motional impedance. This equivalent resonator was measured on the same wafer as the filters reported in this work. Also shown in Fig. 3 is the simulated response of a resonator with a resonant frequency of 493.8 MHz, a shunt capacitance of 5.2 pF, a Q of 2100 and a k 2 t of 1.05%. The equivalent circuit values used to fit the measured response of the parallel array of 15, 4-electrode finger AlN resonators are summarized in row 3 of Table II . Despite being realized from 15 parallel resonators, the measured equivalent resonator is in good agreement with the simulated response of an ideal resonator without frequency mismatch. Furthermore, the k 2 t and Q values are in good agreement with the previously measured values for a single 4-electrode finger microresonator fabricated on a previous mask design and lot of wafers.
Several examples of self-coupled AlN microresonator filters have been reported in the literature [13] , [14] , [17] , [18] . All of these filters utilized identical devices to implement each filter pole or microresonator shown in Fig. 1 . This standard approach of using identical devices to realize all the filter poles in a series coupled filter is also studied here and is shown in Fig. 4 . Fig. 5 shows a schematic representation of the filter in Fig. 4 , where each of the four microresonators from Fig. 1 are implemented using the parallel combination of seventeen, 4-electrode finger temperature compensated AlN microresonators to achieve the equivalent resonator parameters listed in the 4 th row of Table II. The 4-finger microresonator is depicted in cross section in Fig. 6 and a top down image of three, 4-finger AlN microresonators electrically connected in parallel is shown in Fig. 2 . The resonators are formed from a composite stack of a 1500 nm thick SiO 2 temperature compensation layer, a 20/25/50 nm thick Ti/TiN/Al bottom electrode which is electrically connected to ground, a 750 nm thick piezoelectric AlN layer and a 100/50 nm thick Al/TiN top electrode layer which forms the input and output fingers of the resonator. The AlN microresonators were fabricated using the process reported in [17] and a detailed discussion of microresonator operation can be found in [11] . The 4-finger microresonator depicted in Figs. 2 and 6 is designed to operate in the 4 th overtone of the S0 Lamb mode at 494 MHz corresponding to a wavelength of 16 μm and a sound velocity of 7900 m/s. The electrical equivalent circuit parameters of a single AlN microresonator with an electrode length of 225 μm, an electrode width of 4 μm and two input and two output fingers per resonator is given in the 2 nd row of Table II . Seventeen, 4-finger electrode resonators are connected in parallel to realize each filter pole shown in Fig. 1 and achieve the desired shunt capacitance and motional parameters listed in the 4 th row of Table II . 
B. Spur Reduction Technique and Filter Implementation
The response of a single, 4-finger AlN microresonator measured from 50 to 2000 MHz in 97.5 kHz steps is shown in blue in Fig. 7 . The desired 4 th overtone of the S0 Lamb mode appears at the designed frequency of 494 MHz. Also shown in Fig. 7 are the numerous spurs that exist in the microresonator response. In a self-coupled filter such as that shown in Fig. 4 , each additional filtering stage increases the spur rejection by the ratio of the height of the desired mode (at 494 MHz in this case) to the height of the spur. Clearly many stages of filtering are needed to sufficiently reject the numerous spurs. Adding filter stages, however, increases size, cost and insertion loss and lowers yield.
Also shown in Fig. 7 (Red) is the measured transmission response of a single, 3-finger AlN microresonator. This resonator is also depicted in cross section in Fig. 6 and is formed from the same layer stack on the same wafer as the 4-finger resonator. The 3 and 4-finger resonators are both realized using the exact same fabrication process [17] . Only the CAD layout is altered to form the two designs. The 3-finger microresonator depicted in Figs. 2 and 6 is designed to operate in the 3 rd overtone of the S0 Lamb mode at 494 MHz corresponding to a wavelength of 16 μm and a sound velocity of 7900 m/s. Because the 3 and 4-finger resonators have different overall widths, many of the spurious responses of the two resonators occur at different frequencies. For example, the fundamental S0 Lamb mode for the 4-finger resonator occurs at a wavelength of 64 μm, corresponding to a frequency of 123 MHz, while the fundamental S0 Lamb mode for the 3-finger resonator occurs at a wavelength of 48 μm, corresponding to a frequency of 165 MHz. Similarly, the fundamental and overtones of the anti-symmetric Lamb modes also occur at different frequencies in the 3 and 4-finger microresonators. This can been seen in Fig. 7 where the measured responses of the 3 and 4-finger resonators both exhibit numerous strong spurious resonances, but the strong spurious modes rarely occur at the same frequency for both devices. Thus, when a 3-finger resonator is connected in series with a 4-finger resonator in a self-coupled filter, the spurious responses are much more heavily attenuated than in the case when two identical resonators are used.
A top down image of four, 3-finger AlN microresonators electrically connected in parallel is shown in Fig. 2 next to the array of three, 4-finger microresonators. The electrode lengths and widths of the 3 and 4-finger resonators are identical. Thus, the arrays of 3 and 4-finger devices electrically connected in parallel in Fig. 2 have identical electrical equivalent circuit models in the desired mode of operation (R X , C X , L X , C S ). Note in Fig. 2 that every other 3-finger resonator is flipped along the vertical axis of the resonator to ensure that the same number of electrode fingers are seen from the top and bottom of the parallel resonator connections. Otherwise, a single 3-finger AlN microresonator also performs an impedance transformation between the resonator ports [19] which is not desired here. With an electrode length of 225 μm, an electrode width of 4 μm and an average of 1.5 input and 1.5 output fingers per resonator, twenty-two, 3-finger electrode resonators are connected in parallel to realize a single filter pole shown in Fig. 1 with the desired shunt capacitance and motional parameters listed in the final row of Table II . Note from Table II that the equivalent circuit models of seventeen 4-finger AlN microresonators connected in parallel and twenty two 3-finger AlN microresonators connected in parallel are nearly identical.
It should be noted that the measured coupling coefficient of the 3-electrode finger resonator shown in Fig. 7 is 0.96%, and is slightly lower than the value of 1% measured for a single 4-electrode finger resonator. A measured 3-electrode finger resonator was not available at the time of the filter design. Spur cancelling implementation of the 4-pole series coupled micromechanical filter in Fig. 1 , where the resonators used to realize each filter pole have a different physical implementation. In this example seventeen 4-finger microresonators are used to realize microresonators 1 and 3 in Fig. 1 while twenty two 3-finger resonators are used to realize microresonators 2 and 4.
The reduced coupling coefficient can be attributed to the added capacitance of the bus traces, shown in Fig. 2 , that route to the resonators. These interconnect traces have equivalent dimensions for both the 3 and 4-electrode resonators. Since the shunt capacitance of a single 4-electrode resonator is 1.5 times higher than that of a single 3-electrode resonator, the 3-electrode finger resonator coupling coefficient is slightly more degraded by the interconnect capacitance.
An image of a 4-pole, spur cancelling filter is shown in Fig. 8 and is schematically depicted in Fig. 9 . Two of the four microresonators from Fig. 1 are implemented using a parallel combination of seventeen, 4-electrode finger temperature compensated AlN microresonators while the other two poles are formed from the parallel combination of twenty two, 3-electrode finger temperature compensated AlN microresonators. From Table II it was not possible to exactly match the shunt capacitance of the 3 and 4-electrode finger microresonator arrays, with the 3-elecrode finger array having a slightly lower total shunt capacitance. The combined effects of slightly lower resonator k 2 t and slightly lower total shunt capacitance are expected to result in a slightly narrower bandwidth for the spur cancelling filter.
III. MEASURED RESULTS AND DISCUSSION
The transmission [S21] and reflection [S11] measured with direct 50 termination across a narrow frequency range for the standard and spur cancelling 4-pole filters are shown in Figs. 10 and 11 . The filter responses were measured in air on a probe station using a vector network analyzer with a SOLT calibration performed to the ends of the RF probes. The simulated response of the filter in Fig. 1 , using the circuit values from the 4 th row of Table II , is also shown in Figs. 10 and 11 . Table III summarizes the simulated and measured filter performance. The slight shift in center frequency seen between the standard and spur cancelling filter designs is due to chemical mechanical polishing non-uniformity which results in slightly different resonator oxide thicknesses (see Fig. 6 ) for the two filters which are located 10.5 mm apart in the same reticle.
The transmission [S21] and reflection [S11, S22] responses of the standard filter measured from 50 MHz to 2 GHz in 97.5 kHz steps are shown in Fig. 12 . The standard filter achieves a minimum insertion loss of 6.7 dB, a return loss <−15 dB into 50
and an ultimate rejection of 93.3 dBc. Fig. 9 . Schematic of the spur cancelling 4-pole, self-coupled filter in Fig. 8 . Two of the filter poles are formed from the parallel electrical connection of seventeen, 4-finger microresonators while the other two filter poles are formed from the parallel electrical connection of twenty-two, 3-finger microresonators. While the filter rejection is generally very high outside the filter passband, several large spurious responses are seen, the largest of which are summarized in Fig. 13 . The spur cancelling filter achieves a minimum insertion loss of 6.2 dB, a return loss <−18 dB into 50 and an ultimate rejection of 93.8 dBc.
The large spur from the fundamental S0 Lamb mode of the 4-finger resonator at 124.3 MHz seen in the standard filter is now rejected by 59.6 dBc, an improvement of 47.5 dB. All other spurs are rejected by greater than 72 dBc from 50 MHz to 2 GHz as shown in Table IV . Further insight into the spur cancellation can be gained by looking at the return loss plots [S11, S22] for the standard (Fig. 12 ) and spur cancelling filters (Fig. 13) . Since the resonators seen at port 1 and port 2 in the standard filter are identical, S11 and S22 are nearly identical both at the desired filter center frequency of 494 MHz and for all the spurious modes of the 4-finger resonator. The resonators seen at port 1 and port 2 in the spur cancelling filter, however, are not identical. Thus, S11 and S22 are nearly identical at the filter center frequency of 493 MHz but rarely overlap outside of this frequency. Fig. 14 shows the wideband measured transmission [S21] for both the standard and spur cancelling filter designs on the same plot where the level of Fig. 15 is the measured narrow band transmission [S21] of both the standard and spur cancelling filters at −40 and +120°C. From these plots and additional measurements at −20, 0, 20, 40, 60, 80 and 100°C, a linear TCF of −1 ppm/°C was calculated for each filter. Over the 160°C temperature variation in Fig. 15 , the spur canceling filter center frequency moves by 75 kHz, a small fraction of the 1 MHz filter 3 dB bandwidth. The improved insertion loss of the filters at higher temperatures is due to an increase in the resonator quality factor. Higher quality factor leads to improved insertion loss, particularly in narrow % bandwidth filters. The overall die area including pads of the filter is 0.7 × 3.15 mm 2 , Fig. 13 . Measured wideband transmission and reflection responses for the spur cancelling filter in Fig. 8 . The large spurious response at 124.3 MHz seen for the standard filter in Fig. 12 has been attenuated by 47.5 dB because the 4 and 3 finger microresonators used to implement the spur cancelling filter have different fundamental S0 Lamb mode wavelengths of 32 μm and 24 μm. Comparing the reflection plots in Figs. 12 and 13 lends further insight into the spur cancellation. The responses for both S11 and S22 are identical in frequency in Fig. 12 , while the strong S11 and S22 responses only coincide at the desired filter frequency of 494 MHz in Fig. 13 . demonstrating spur free, narrow %BW, thermally stable filters with steep roll off and a direct 50 termination in an ultraminiature footprint.
IV. CONCLUSION
We have developed a method for attenuating the spurious responses in AlN micromechanical filters. The spur mitigation approach forms filters from resonators with different physical implementations with near identical electrical responses in the filter passband, but with spurious responses occurring at different frequencies. The spur mitigation approach was demonstrated in a 4-pole self-coupled filter at 493 MHz, where two of the filter poles were realized using 3-finger AlN micromechanical resonators with an overall width of 24 μm, while the other two poles were formed from 4-finger AlN micromechanical resonators with an overall width of 32 μm. The operating wavelength of 16 μm and all other resonator dimensions were identical. The spur cancelling filter improves the attenuation of the largest filter spur by 47.5 dB when compared to a 4-pole filter realized using identical 4-finger resonators (standard approach) to form each filter pole. The spur cancelling filter has greater than 59.6 dBc of stop band and spurious response rejection over a bandwidth from 50 MHz to 2 GHz. The spur cancelling filter has a measured insertion loss of 6.2 dB, bandwidth of 1 MHz and 20 dB shape factor of 2.3. Furthermore, the spur cancelling filter has a measured shift in center frequency of 75 kHz over an 160°C temperature range, a small fraction of the 1 MHz bandwidth. Occupying a die area of only 0.7 × 3.15 mm 2 , the AlN micromechanical filter is much smaller than competing technologies for similar narrow bandwidth, temperature compensated performance in the lower end of the ultrahigh (UHF) frequency band. In the future this technique can be applied to other microresonator filter topologies, such as the parallel lattice filter [11] , [15] , where each resonator (instead of each filter pole) can be realized from a parallel combination of physically non-identical microresonators electrically connected in parallel to reduce the spurious response in each resonator itself.
